Abstract-It was recently submitted that the rupture risk of an ascending thoracic aortic aneurysm (ATAA) is strongly correlated with the aortic stiffness. To validate this assumption, we propose a non-invasive inverse method to identify the patient-specific local extensional stiffness of aortic walls based on gated CT scans. Using these images, the local strain distribution is reconstructed throughout the cardiac cycle. Subsequently, obtained strains are related to tensions, through local equilibrium equations, to estimate the local extensional stiffness at every position. We apply the approach on 11 patients who underwent a gated CT scan before surgical ATAA repair and whose ATAA tissue was tested after the surgical procedure to estimate the rupture risk criterion. We find a very good correlation between the rupture risk criterion and the local extensional stiffness. Finally it is shown that patients can be separated in two groups: a group of stiff and brittle ATAA with a rupture risk criterion above 0.9, and a group of relatively compliant ATAA with a rupture risk below 0.9. Although these results need to be repeated on larger cohorts to impact the clinical practice, they support the paradigm that local aortic stiffness is an important determinant of ATAA rupture risk.
INTRODUCTION
An ascending thoracic aortic aneurysm (ATAA) is a pathological dilatation of the ascending thoracic aorta. It often grows slowly and usually without symptoms. ATAAs are difficult to detect because it is a silent disease. Small and slow-growing ATAAs may never rupture, but large, fast-growing ATAAs may dissect or rupture, leading to the sudden death of the patient. 29 Depending on the growth rate and size of a thoracic aortic aneurysm, treatment may vary from watchful waiting to emergency surgery. Preferably, surgery for an ATAA can be planned by replacement of the enlarged aortic segment with synthetic grafts. Excluding the patients with familial genetic disorders such as Marfan syndrome, elective surgical repair of ATAA is recommended for diameter larger than 5.5 cm or for fast growing aneurysms (growth > 1 cm per year). 6, 8, 9, 16, 24 The 5.5 cm diameter criterion is widely acknowledged as an incomplete criterion. The International Registry of Acute Aortic Dissection (IRAD) reported that among 591 type ''A'' aortic dissections, 59% had a diameter below 5.5 cm. Studies dedicated to AAA demonstrated that biomechanical factors could reliably complete the diameter criterion. 19, 20 Martin et al. 28 performed a predictive biomechanical analysis of ATAA tissues to assess rupture risk on a patient-specific level. They defined a new rupture risk criterion (the diameter ratio risk) as the ratio between the current diameter of the aneurysm and the rupture diameter. They showed that the diameter ratio risk increases significantly with the physiological elastic modulus of the artery. 28 Moreover, there is a large interindividual variability of ultimate stress between individuals, which prevents obtaining patient-specific values. Different authors measured geometrical and mechanical properties of ATAA and showed that rupture properties may vary significantly even with tissues having similar elastic properties. 7, 14, 15, 31, 39 Our research group proposed a similar rupture risk criterion, namely the stretch ratio risk, defined as the current tissue stretch (under in vivo conditions) and the maximum stretch (at which the tissue ruptures). We derived the stretch ratio risk criterion for a cohort of 31 patients by performing bulge inflation tests on ATAA tissues collected during surgical procedures of these patients. We also derived from these tests the tangent elastic modulus of the ATAA tissues and demonstrated that it is strongly correlated to the stretch ratio risk criterion, showing that most of the patients for whom the stretch ratio risk criterion is less than 0.9 have a modulus below 1 MPa whereas patients for whom the stretch ratio risk criterion is greater than 0.9 have a modulus ranging from 1 to 7 MPa. 15 A natural question is: could the stretch ratio risk criterion be deduced from non invasive measurements of in vivo aortic stiffness? Trabelsi et al. 34 introduced a methodology to identify the patient-specific material properties of ATAAs by minimization of the difference between model predictions and gated CT measurements of the aneurysm. Furthermore, in an additional study, they estimated volumetric and cross sectional distensibility using preoperative dynamic CT scans and brachial pressures on a cohort of 13 patients. They also characterized the stretch ratio risk criterion and tested its correlation with the aortic stiffness obtained from distensibility measurements. However, only a moderate correlation was found. It was assumed that the lack of significance could be explained as the distensibility stiffness is a global homogeneous property across the whole ATAA whereas the stretch ratio risk criterion is a local rupture property. Moreover it is well-known that the heart motion causes axial strains in the ascending thoracic aorta during cardiac cycles. 40 These axial strains of the ATAA were not taken into account in the distensibility assessment, which may be another source of possible dispersion in the results.
We recently presented a novel methodology, onwards denoted the LESI (local extensional stiffness identification) methodology, 17 to identify local extensional stiffness properties non-invasively, simply employing the gated CT scans and measured systolic and diastolic blood pressures. It was proved that the reconstruction of stiffness is averagely correct and the local heterogeneity can be retrieved using the LESI methodology. 17 In the present work we show that the local extensional stiffness obtained on a cohort of 11 patients using the LESI methodology correlates well with the stretch ratio risk criterion.
MATERIALS AND METHODS
The Sstretch Ratio Risk Criterion ATAA samples were collected for a cohort of 11 patients who underwent elective surgical repair of ATAA at the University Hospital of Saint-Etienne (CHU-SE) in France. Informed consent was obtained according to a protocol approved by the Institutional Review Board of the University Hospital Center of Saint-Etienne. For each sample, a 40 Â 40 mm square piece was cut and a bulge inflation test was carried out. The bulge inflation test was extensively described in previous publications. 11, 12, 15 During the bulge inflation test, the circumferential, s 1 , and axial, s 2 , components of tension (stress Â thickness), and the circumferential, k 1 , and axial, k 2 , components of Cauchy-Green stretch were measured at the center of the sample for each pressure stage, p(t). The stage t physio at which s 1 equals the average in vivo circumferential stress (according to Laplace's law) was determined according to
where P av is the average physiological pressure (mean between diastolic and systolic pressure measured by sphygmomanometry for each patient) and D is the diameter of the aneurysm measured from the CT scan. We also denote k the circumferential and axial stretches respectively, both measured during the bulge inflation tests at t physio .
Afterwards, the tangent elastic modulus at stage t physio , denoted E in-vitro , was derived as:
At the last stage of the bulge inflation test, when the ATAA sample burst, the rupture stretch and stress, measured in the direction perpendicular to the crack splitting the sample in two halves, were respectively denoted k rup and r rup .
Finally the stretch ratio risk criterion was defined as:
where h is the angle between e h and e 2 as shown in Fig. 2 of Duprey et al. 15 c stretch takes a value between 0 and 1.
The clinical and biomechanical parameters of the 11 patients are reported in Table 1 .
The LESI Methodology Data Acquisition
Gated CT scans were obtained for the 11 patients prior to ATAA surgical repair. Ten phases were acquired throughout the cardiac cycle for each patient and they were employed to reconstruct and track the geometrical variations of the whole aorta. Semi-automatic segmentation of the CT scans was achieved using MIMICS (v.10.01, Materialise NV). The obtained three-dimensional (3D) surface of the aorta was exported for each phase in STL format. The Vascular Modeling Toolkit (VMTK, Orobix, Bergamo, Italy; www.vmtk.org) 1 was used to generate a structural mesh of the exported geometries. In order to run VMTK and to obtain the parametric coordinates of the surface, aortic surfaces were cut at all phases by the same cross sectional planes to determine a larger domain than the final segment of interest. An identical smoothing factor was applied at all phases. To identify the systolic and diastolic phases, the luminal volumes of all phases were compared. The systolic phase was defined as the largest volume and the diastolic phase as the smallest volume. The variation of cross sectional area between diastole and systole was used to derive the arterial distensibility and to deduce the extensional stiffness property based on in-vivo distensibility, denoted E inÀvivo . Results are reported in Table 1 and were derived from a previous analysis. 35 
Foundation of the LESI Methodology
Each reconstructed aortic geometry was meshed in such a way that each node represented the position of the same material point at each phase of the cardiac cycle. Thus, a structural mesh is required, with an identical number of elements and nodes at all phases. Therefore, a mesh morphing function between the geometries of each phase was reconstructed and applied. VMTK was used to generate the structural mesh from segmented geometries (STL files). VMTK is based on the calculation of centerlines and decomposition of the surface into existing branches and mapping each branch onto template parametric cylindrical coordinates. VMTK generates consistent parameterizations over a wide range of bifurcating geometries.
The procedure to obtain parametric coordinates by VMTK, is explained in detail in Farzaneh et al. 17 In order to track the same material points at all phases throughout the cardiac cycle, we assumed anatomical references, namely the left subclavian artery, the brachiocephalic artery, the left common carotid artery and the coronary artery branches. Eventually, the obtained data from VMTK were postprocessed in Matlab to extract an accurate mesh using the longitudinal and circumferential metrics. Moreover, twisting ocurring during aortic wall motions 40 was also corrected by deriving the time variations of the circumferential coordinate of coronary arteries in the space of parametric coordinates obtained from VMTK and subtracting this value from the circumferential coordinate of the assumed reference phase. 17 Any periodic function (such as material coordinates in each phase of a cardiac cycle, x(t)) can be expressed as a summation of sine and cosine functions of varying frequency. Therefore, using the structural mesh of all ten phases, a discrete Fourier transform was employed such as
where a 0 is the direct current (DC) term (average) and f is the fundamental frequency. Strains in longitudinal and circumferential directions were obtained on the average geometry (defined by using DC terms of all nodal positions) by applying displacements and torsion at each node corresponding to the fundamental term obtained from the Fourier transform in Eq. (4). As the fundamental term is complex, the real and the imaginary parts are applied separately at the corresponding nodes on the average geometry using the finite element method (FEM). Eventually the reconstructed strain components were also complex. 17 Therefore the magnitude of strains in 
where superscripts ''r'' and ''im'' indicate real and imaginary contributions, respectively. It is well-known that the aortic tissue is globally anisotropic and nonlinear, but here its mechanical behaviour was linearized in the physiological range of strains between diastole and systole, and anisotropic effects was neglected in this range. The constitutive equations reduced to Hooke's law and the plane stress assumption was considered. 22 The membrane tensions, s, were written such as
where Q is the extensional stiffness and m is the Poisson's ratio. s 0 1 and s 0 2 are the components, in the local coordinate system (1 is for local circumferential direction and 2 is for local axial direction), of the membrane stresses (tensions) resulting from the average pressure applied onto the average aortic geometry. A FE stress analysis was implemented to derive s 0 1 and s 0 2 by applying the average pressure P 0 on the average geometry using the approach proposed by Joldes et al. 25 It was assumed that each element of the arterial wall is a finite sector of an ellipsoidal membrane with radii r 1 and r 2 in both circumferential and longitudinal directions, respectively. So, in the framework of these assumptions, local equilibrium equations were written as
where P(t) is the applied pressure. Thus linking Eqs. (6) with (7), we obtained the extensional stiffness as
where DP ¼ ðP sys À P dias Þ=2.
To obtain r 1 and r 2 , we developed a method based on the principle of virtual work as introduced by Bersi et al. 5 and Farzaneh et al.
17
Numerical Implementation of the LESI Methodology
For each aorta, the Abaqus FE software 21 was employed to derive strains from the nodal displacements obtained with the Fourier transform. For each FE analysis, an orientation user subroutine (ORIENT) was employed to assign local material directions and to record the results in the local coordinate system. Each geometry was a non-perfectly cylindrical geometry so that the radial direction (normal to the artery) was defined as the outward normal direction to each element, the axial direction was defined as the direction parallel to the luminal centerline in the direction of the blood flow, and the circumferential direction was perpendicular to both previously defined directions. To calculate and visualize the local extensional stiffness obtained from Eq. (8), a user material subroutine (UMAT) and a user-defined external databases (UEXTERNALDB) were coupled with Abaqus. 21 In summary, as shown in Fig. 1 , we have four types of FE analyses to be performed in our methodology:
1. Strain calculation: this was a displacement driven finite element analysis. Displacements derived from CT images were applied to each node of the mesh in the reference geometry. 2. Radii of curvature calculation: this was again a displacement driven finite element analysis. A displacement normal the luminal surface was applied at each node. The resulting strain fields equaled the local curvature fields, which permitted a direct evaluation of the local radii of curvature. 3. Calculation of average tensions: using the average geometry, an average pressure was applied on the lumen. In the inlet and outlet nodes, we assigned displacements assessed using the dynamic CT images. 4. Validation study: the difference between systolic and diastolic pressures (pulsed pressure) was applied on the inner luminal surface. Nodal displacements of inlets and outlets were zeroed.
Numerical Validation of the LESI Methodology
Two different material behaviors were considered to perform numerical validations: linear isotropic elasticity and non-linear anisotropic hyperelasticity. The reconstructed stiffness was in good agreement with the reference, especially local heterogeneities could be well retrieved. 17 
Statistical Analysis
Three regions were defined in the ascending thoracic aorta of each patient:
1. ATAA region 1 is the whole ascending thoracic aorta.
BIOMEDICAL ENGINEERING SOCIETY
2. ATAA region 2 is the segment of ascending thoracic aorta which was removed during the surgical procedure. 3. ATAA region 3 is the square sample of 40 Â 40 mm which was cut for the bulge inflation test.
As the tests of normality show that the data is nonnormal, for the sake of statistical analysis, we derived the median of the identified extensional stiffness across each of the 3 ATAA regions defined above, denoted respectively Q 1 , Q 2 and Q 3 . We also derived the value of the identified extensional stiffness at the center of ATAA region 3, denoted Q 4 . The derived median values are very close to mean values. Patients were divided in two groups based on their c stretch value, as this appears to be the relevant criterion to estimate the risk of rupture. 15 Then, Q 1 , Q 2 , Q 3 and Q 4 for each group were analyzed as median and the 25th and 75th percentiles using boxplots. Statistical pairwise comparisons were made across the 2 groups for each of the 4 material parameters. The p-value was derived for each quantity. Significant differences (denoted by *) were identified for comparisons with p<0:05.
We also searched for correlations between stiffness values identified in vivo (Q 1 , Q 2 , Q 3 and Q 4 ) and the properties characterized in vitro, including r rup , E inÀvitro and c stretch . These correlations are shown in Fig. 2 by curve fitting with regression. The Pearson productmoment correlation coefficient was also derived to assess the dependence between each couple of quantities.
RESULTS
The median values of extensional stiffness (Q 1 , Q 2 , Q 3 and Q 4 ) are reported in Table 2 . We report the Pearson product-moment correlation coefficient, q, between stiffness properties identified in vivo (Q 1 , Q 2 , Q 3 and Q 4 ) and the properties characterized in vitro, including r rup , E inÀvitro and c stretch in Table 3 . We found a large correlation between Q 4 and c stretch (q ¼ 0:89). Other extensional stiffness properties identified in vivo also show some correlation with c stretch , but the best correlation was found for Q 4 , which is the identified stiffness at the center of ATAA region 3. Note that no correlation was found between r rup and the identified stiffness properties.
Patients were divided in two groups based on their stretch ratio risk index 15 : group 1 composed of 5 patients with a large stretch ratio risk index: c stretch >0:9.
group 2 composed of 6 patients with a relatively small stretch ratio risk index: c stretch <0:9. The stress-stretch curves of their ATAA sample derived from the bulge inflation test are shown in Fig. 3 . Solid lines indicate the state of stress and stretch undergone by the aortic tissue in vivo. The same maximum stress is always reached in the circumferential and axial directions of the tissue as the bulge inflation test induces a state of nearly equibiaxial tension. However, anisotropy manifests more evidently Q 1 , Q 2 , Q 3 and Q 4 are the extensional stiffness of the whole ascending thoracic aorta, the segment of ascending thoracic aorta which was removed during the surgical procedure, the square sample of 40 Â 40 mm which was cut for the bulge inflation test and the center of this square (center of the outer curvature part of the ascending thoracic aorta) respectively.
for some patients in the maximum stretches, 6/11 patients having a larger circumferential stretch and 5/ 11 a larger axial stretch.
In Fig. 4 , we show the reconstructed geometry for all patients. Remarkably, Fig. 4h is a patient with Marfan syndrome and in Fig. 4d the patient had a bovine arch which is a rare malformation often related to ATAA.
In Fig. 5 , we show the boxplots of median extensional stiffness values for both groups of patients. A boxplot is shown for each stiffness value (Q 1 , Q 2 , Q 3 and Q 4 ). A significant difference between both groups is shown for the Q 4 value with a p-value of 0.027. The identified stiffness distribution obtained with the LESI methodology is shown for each patient in regions 1, 2 and 3 (Fig. 6 ).
DISCUSSION
In this study the LESI methodology 17 was employed to reconstruct noninvasively the stiffness distribution of the ascending thoracic aorta of 11 patients based on their preoperative gated CT scans. For each patient, the stretch ratio risk criterion was also characterized postoperatively using the bulge inflation test. 15 A very good correlation was found between the extensional stiffness and the stretch ratio risk index. Finally it was shown that patients can be separated in two groups: a group of stiff and brittle ATAA with a rupture risk criterion above 0.9, and a group of relatively compliant ATAA with a rupture risk below 0.9. This shows that the in vivo arterial stiffness could be used to derive the stretch ratio risk index. The cut-off value of 0.9 was proposed in a previous paper 15 in which we had tested ATAA samples coming from over 30 patients. The statistical analysis nicely showed that the group of ATAA with rupture risk below 0.9 and the group with rupture risk above 0.9 were two different groups. In the current paper, only 11 patients are analyzed as only these 11 patients had both a gated CT scan and a bulge inflation test.
Here we used gated CT to reconstruct the local aortic stiffness. Other imaging modalities may be possible such as ultrasounds 37, 40 or magnetic resonance imaging.
2 FIGURE 4. Segmented geometries of aorta for diastole using CT images for 11 patients.
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Rupture Risk Criterion
Multiple studies have been developed to define a reliable rupture risk criterion for ATAA 15, 28, 31 and AAA 38 For instance, Martin et al. 28 defined a criterion, named the diameter ratio risk, which is the ratio between the current diameter of the aneurysm and the rupture diameter. They showed that the diameter risk increases significantly with the physiological elastic modulus of the artery. Commonly, rupture risk is also estimated as the ratio between current (or physiological) and ultimate stress. However, wall stress estimation suffers from uncertainties in wall thickness measurement. Moreover, there is a large interindividual variability of ultimate stress between individuals, which prevents obtaining patient-specific values. Different authors measured geometrical and mechanical properties of ATAA and showed that rupture properties may vary significantly even with tissues having similar elastic properties. 7, 14, 15, 31, 39 Moreover, another disadvantage of stress based rupture index is that current stress induced by normal blood pressures is usually far from the ultimate stress. Indeed, rupture is often an accidental event during which there is a sudden rise of pressure and stress in the wall. There is evidence showing that dissections are preceded by a specific severe exertional or emotional event. 16 The stretch ratio risk index, 15 defined as the current tissue stretch (under in vivo conditions) and the maximum stretch (at which the tissue ruptures), appears very promising as it is strongly correlated with the local tissue stiffness which can be obtained with the LESI methodology. Conversely our results showed that there is no correlation between the strength of ATAA samples and their in vivo stiffness. In addition, to examine various criteria of the local failure of AAA, Volokh et al. 38 developed an experimental model including a failure description. They analyzed various states of the biaxial tension of the AAA material and evaluated the strain energy, the maximum principal stretch and stress, the maximum shear stress and von Mises stress criteria of the local failure. They concluded that the von Mises stress showed a larger variability compared to the strain energy. It could be interesting to define rupture risk criterion based on maximum stored strain energy as it would combine both stress and strain contributions, but apart from Volokh et al., nobody really investigated this way further.
Regional Variations of Stiffness Across ATAA
A major conclusion of the current study is that it is important to identify local stiffness properties and not a global stiffness property based on distensibility analysis for instance, 35 as rupture is a local phenomenon. Over the past decades the biomechanical properties of the aorta have been widely investigated, 14, 15, 31, 35, 39 but the material properties were usually characterized globally and homogeneously across ATAA. A few studies considered regional variations of material properties across ATAA. Iliopoulos et al. 23 stated that circumferential specimens were stiffer than longitudinal ones in the posterior and left lateral. Furthermore they found no significant regional variations of aortic stiffness in the circumferential direction. Ferrara et al. 18 supported these results and investigated mechanical properties of human ascending aortas for a cohort of patients taking into account regional, directional, aging and gender variations. They showed that regardless of age and gender, the mean elastic modulus was larger in the circumferential direction. Moreover, aging reduced the mean elastic modulus and male had higher mean elastic modulus comparing to female. Choudhury et al. 7 compared stiffness and material properties of ATAA at different angular positions and showed that the outer and the inner curvatures are the most stiffest and elastic quadrants respectively. Recently, digital image correlation (DIC) was used to investigate the local material properties of excised aortic samples. 3, 11, 12 FIGURE 6. Extensional stiffness distribution (MPa mm) obtained with the LESI methodology across the ascending thoracic aorta of 11 patients. From left to right, region 1 (frontal and distal views), region 2 (frontal and distal views) and region 3.
Inverse methods were developed to process DIC measurements and reconstruct the regional variations of material properties.
Regional variations of material properties are attributed to remodeling of the arterial wall due to damage of elastic fibers. A typical wall histopathology, involving ECM breakdown (with disrupted elastin networks), vSMC loss co-localized with areas of mucoid degeneration, is common to ATAA whatever their aetiologies. 29 When elastin networks are disrupted, a larger fraction of collagen fibers need to be produced to resist to the wall stress. 36 This manifests with aortic stiffening and reduced extensibility (stretch based rupture risk), which are the two markers for which we found correlations in our study. Sassani et al. 30 demonstrated a large distribution of fiber orientations spanning from circumferential to longitudinal directions, which was also supported by Sokolis et al. 33 showing that ATAA had no effect on the tissue strength. However, this can cause stiffening and extensibility reduction, confirmed by histological observations of elastin degradation and increase of collagen mass fractions. It could be interesting also to check the possible correlation of these regions with local concentration of wall shear stress induced by the blood flow. 10, 27 Limitations Several limitations in this work can be discussed.
The residual stresses existing in the ATAA wall were neglected in this work. More specifically, we report that a major limitation of our study is that we do not consider layer specific material and rupture properties of ATAA. As shown by Sokolis et al. 32 residual stretches may vary strongly from one layer to another, and depend also on circumferential positions. It was also shown that failure stretches correlate positively with residual stretches. 13 Therefore, layer-specific properties are important aspects that should be integrated in the future to rupture risk estimation of ATAAs. In addition, it was assumed that the arterial wall behaves as an isotropic and linearly elastic material within the systolic-diastolic range. Therefore, the isotropy assumption here delivers a combination of the axial and circumferential extensional stiffnesses, which may be different. However, if there was a significant difference between the axial and circumferential extensional stiffnesses, the extensional stiffness identified here would be closer to the circumferential one, as shown in a previous study. 17 Involving the local curvatures in Eq. (8) puts most of the weight on circumferential effects, as the axial radius of curvature is significantly higher than the circumferential one.
The LESI approach stands on local equilibrium equations obtained based on the principle of virtual work, similar to the ones derived by bersi et al.
5
Therefore, equivalent to the generalized Laplace's law, it considers the local equilibrium between pressures and tensions in a membrane, meaning that the aortic wall experience no shear through the thickness. This may not be a realistic assumption in the regions near the branches which were excluded in this analysis.
Equation 8 involves average tensions existing in the aorta due to the action of the average blood pressure and geometrical nonlinearity associated to finite deformations. 4 These tensions were approximated using the approach of Joldes et al. 25 This approach consists in achieving a linear elastic stress analysis on the same structure as the aorta, assigning a very large elastic modulus. The approach is valid for membrane structures. The membrane assumption was previously shown to be a good approximation for elastostatics of aortic aneurysms. 26 A final limitation is that c stretch evaluates the ex vivo rupture risk, not the in vivo one (for instance, the role of vSMC tone or surrounding tissues may be important in vivo).
